The extended Brenner potential has been shown to provide a good description of the ͑001͒ and ͑111͒ surfaces of silicon. In this paper, this empirical potential is employed to study the energetics of steps on the Si(001)2ϫ1 surface. Particular attention has been paid to the dependence of the step energies on the width of the terraces and the number of substrate layers. Formation energies for both the single-layer S A and S B steps, and the double layer D A and D B steps, have been determined. All of the formation energies are found to be negative. Values of the step-step and surface stress interaction energy coefficients are also determined. The correlation of these results with experiment and previous theoretical calculations is discussed.
I. INTRODUCTION
In recent years there has been extensive work devoted to understanding the properties of silicon surfaces and the mechanisms of their epitaxial growth. This is due to the fundamental interest of such surfaces and, perhaps more directly, to the foundational role played by silicon-based devices and interfaces in the electronics industry. As a result of the application of advanced surface experimental techniques, such as in situ and variable temperature scanning tunneling microscopy ͑STM͒, dynamical growth processes have been observed at an atomic level. Such studies have shown that epitaxial growth occurs primarily at steps and islands on the substrate surface. 1 Elucidating the nature of the steps, and the adsorption processes that occur at such steps, is thus essential for understanding the growth processes that take place on a particular surface.
The Si(001)2ϫ1 surface is an ideal model system for studying surface phenomena and has been widely studied by a variety of experimental and theoretical techniques. Despite this large amount of work, however, there have been relatively few theoretical studies of the energetics of steps on this particular surface. The first of these studies was by Chadi using an empirical tight-binding approach. 2 This was followed by empirical potential calculations by Poon et al. 3, 4 using the Stillinger-Weber ͑SW͒ potential, 5 and densityfunctional theory ͑DFT͒ calculations by Oshiyama. 6 Recently, Bowler and Bowler et al. reported some further tightbinding results. 7 These calculations have given quite different values for the step formation energies, including variations of a factor of 10 or more in magnitude, as well as variations in sign. Two additional ab initio studies that have reported some calculations on steps ͑but not a detailed analysis of step energies͒ are by Bogusławski et al. 8 and Pehlke and Kratzer. 9 There have also been attempts to determine the energetics of steps on Si(001)2ϫ1 experimentally from real-space images of the surface. This is done by applying a statistical analysis to the distribution of kinks in the step edges on vicinal Si͑001͒ surfaces, observed by STM. The first such study was done by Swartzentruber et al. 10 Further work, including the analysis of the double layer steps, has been done by Zandvliet and co-workers. 11, 12 In this paper, we have studied in detail the energetics of steps on the Si͑001͒ surface, paying particular attention to step interaction, and finite substrate depth cutoff effects. At present, such a study is not possible using ab initio methods, due to the large number of atoms that are needed to reproduce these important effects. We have therefore performed large scale potential-energy minimization calculations using the extended Brenner ͑XB͒ empirical potential, 13 and an extended periodic slab representation of the stepped surface. Empirical potential calculations predict symmetric surface dimers for the flat Si͑001͒ surface. This is in disagreement with theoretical calculations ͑e.g., Refs. 14-18͒ and experiments ͑e.g., Refs. 19 and 20͒ that predict a surface with buckled dimers is lowest in energy. Symmetric dimers are predicted by empirical potential calculations because they do not consider charge distributions and hence cannot predict the charge transfer of the dimer dangling bonds that is involved in dimer buckling.
14 Dimer buckling is predicted by ab initio calculations to lower the surface energy by ϳ0.1 eV/a 2 , 15, 17, 18 where aӍ3.83 Å is the surface lattice constant. This should be compared to the Ӎ1 eV/a 2 energy reduction when going from the ideal 1ϫ1 to the symmetric dimer 2ϫ1 reconstruction. [16] [17] [18] Step energies are calculated from the difference in energy between stepped and flat surfaces. It is thus possible that dimer buckling effects could cancel out when calculating step energies. It seems likely, however, that this would not be true for the dimers in the immediate vicinity of each step. Assuming that there are n such dimers per unit length (a), this would give rise to an error in the predicted step formation energies of order 0.1n eV/a, where n is a small integer. As a result, we do not present our calculated step formation energies as definitive theoretical values for these quantities. Our calculations do, however, show that the published ab initio calculations have used unit cells that are far too small for accurate determination of the step formation energies-a fact that possibly explains the large discrepancies among the published results. We also present values for the direct step-step 21 and surface stress interaction 22, 23 coefficients. We believe these results to be reasonably accurate, and present theoretical and experimental evidence to support this belief. The XB potential is a modified version of the C-H potential developed by Brenner, 24 which has been extended to treat C-Si-H systems. It has been shown to provide an excellent description of the ͑001͒ and ͑111͒ surfaces of silicon, carbon, and silicon carbide as well as Si-H, C-H, and C-Si-H molecules. 13 It has also been used with success to describe the Si(001)2ϫ1:Si 2 H 6 ͑Ref. 25͒ and Si(111)7ϫ7:H ͑Refs. 26 and 27͒ chemisorption systems, and the interaction of hydrocarbon molecules CH 3 and C 2 H 2 with the ͑001͒ and ͑111͒ surfaces of silicon. 13 For the clean Si(001)2ϫ1 surface the XB potential predicts a surface dimer bondlength of 2.30 Å and a surface formation energy of 1.43 eV per surface atom. It also predicts a contraction of the first layer of 16%. These values are in good agreement with the values of 2.23 Å, 1.57 eV, and 24% obtained from ab initio DFT calculations. 16, 28, 29 They are also in better overall agreement with the ab initio results than the values of 2.40 Å, 1.42 eV, and 8% given by the SW potential. We might thus expect the XB potential to provide a good description of steps on the Si(001)2ϫ1 surface ͑apart from the dimer buckling͒, and to yield results that are more reliable than those obtained from the SW potential.
II. PROCEDURE
Our procedure follows closely that used by Poon et al.
3 Figure 1 shows a schematic of the three-dimensional unit cell used for the step calculations. Periodic boundary conditions are applied in the x and y directions, creating an infinite slab with both top and bottom surfaces. The bottom two layers are held fixed in their bulk positions. The top surface consists of infinite strip terraces separated by distance t. This type of surface is often referred to as a ''flat'' stepped surface, since it has no net inclination. 2 Alternatively, one can model a vicinal surface; however, the 90°rotation of the dimer direction when stepping up or down by a single layer means that both types of single-layer step must be present to ensure periodicity. The method we have employed is to start with a geometry close to the equilibrium configuration expected for the step being studied, and then optimize the geometry to determine the exact equilibrium configuration predicted by the potential. Once the geometry optimization of a particular step is complete, the step energy per unit length is determined using the expression
where E is the total potential energy of the optimized structure, N is the total number of atoms in the slab, b and s are the bulk and surface energies, respectively, and l x and l y are the lengths of the unit cell ͑see Fig. 1͒ . The bulk energy given by the XB potential is b ϭϪ4.6336 eV. The surface energy s , must be determined uniquely for a particular substrate depth ͑slab thickness͒. The value of s is an average of the surface energies of the ideal surface on the bottom, and the reconstructed surface on the top of the slab, and changes slightly with substrate depth. To determine a value of s for a particular substrate depth, an unstepped surface calculation is performed using a 4ϫ4 surface unit cell. From the optimized structure, s is determined by
where again E is the total potential energy, N is the number of atoms in the slab, and l x and l y are the unit-cell dimensions.
If the number of substrate layers used in the calculations were infinite, then Eqs. ͑1͒ and ͑2͒ would give the true values of the step and surface energies. However, an infinite number of substrate layers cannot be calculated. To approximate an infinitely deep substrate, it is usual in slab calculations to hold the bottom two substrate layers fixed in the ideal bulk positions. This situation is only approximate, however, and the bottom fixed layers have the effect of causing the atoms in the layers above the fixed layers to have positions, and hence energies, that are slightly different from what they would be if the number of substrate layers were infinite. We can quantify the amount of the energy change due to the fixed layers, by assigning a change in energy ⌬ (i) to each atom i in the calculation. Adding the term, Ϫ ͚ iϭ1 N ⌬ (i) ϭ ϪN⌬, to the numerator of Eq. ͑2͒ then, gives the true value of the surface energy per unit area, i.e.,
The value of ⌬ s , like s , does not depend on the size of the surface unit cell used in the calculation, due to the translational symmetry of the flat Si(001)2ϫ1 surface ͑this has been verified by performing flat surface calculations for surface unit cells between 4ϫ4 and 24ϫ4 a 2 ). However, the quantities ⌬ (i) vary with substrate depth, and hence the value of ⌬ s also varies with substrate depth. It is for this reason that the value of s used in Eq. ͑1͒ must be calculated for the same number of substrate layers that is used in the step calculations. However, it is not necessary to calculate the surface energy for the same surface unit cell as that used in the step energy calculation.
A similar situation exists for the calculation of the step energy. The errors ⌬ (i) in the flat surface calculation are also present in the stepped surface calculation, and therefore, to some extent, will cancel when the results of Eq. ͑2͒ are entered into Eq. ͑1͒. However, the step causes additional displacements of the substrate atoms, and hence there are additional error quantities ⌬Ј (i) involved in stepped surface calculations. Using the same arguments as above, it can be shown that the calculated step energy per unit length ͓Eq. ͑1͔͒ is in error by an amount,
shows that for a fixed substrate depth d the magnitude of the error ⌬ will increase with increasing step separation (tϰl y ). Therefore the larger the step separation used in the calculation, the more substrate layers are required for energy convergence. The need to vary the separation distance between the step edges arises from the fact that the step energy is in general a function of the step separation. There are two reasons for this. First, there is a direct step-step interaction due to the existence of force dipoles at the step edges. This interaction gives rise to an energy per unit length along the step edge that varies with step separation as (a/t) 2 . 21 Second, there is an interaction energy between the domains of 2ϫ1 and 1 ϫ2 dimer reconstruction that exist on a SL stepped Si(001)2ϫ1 surface. This interaction is due to the anisotropy of the surface stress and gives rise to an energy per unit length along the step edge that varies with step separation as ln(t/a). 22, 23 The step energy should thus have the general functional form
where 0 is the intrinsic step formation energy associated with creating the step ͑due to dangling bonds, bond strains, etc.͒, and d and are coefficients that describe the direct step-step and surface stress interactions, respectively. The primary aim of this paper is to determine the 0 , d , and coefficients by fitting the results of our total-energy calculations to Eq. ͑5͒. This can be done directly providing we use slab geometries with tϭl y /2. There is, however, an alternative method of calculating the coefficient. In deriving the surface stress interaction, Alerhand et al. 22 show that
where ⌬, , and are the surface stress anisotropy, shear modulus, and Poisson's ratio of the medium, respectively. These quantities may be determined experimentally, or from theoretical bulk and unstepped surface calculations ͑which, due to the relatively small number of atoms involved, may be done using ab initio methods͒. Assuming the following expressions remain valid near the surface, the shear modulus and Poisson's ratio can be calculated using the relations ϭC 44 and ϭC 11 /(C 11 ϩC 12 ), where C 11 , C 12 , and C 44 are the elastic constants for an isotropic bulk crystal. 4 Experimentally, a phase change from DL to SL steps is observed for vicinal Si͑001͒ surfaces as the miscut angle is decreased. This phase change is a consequence of the surface strain relaxation of the SL stepped surfaces. Decreasing the miscut angle corresponds to increasing step separation since the two variables are related via tan ϭh SL /t ͑Fig. 2͒. A value for this phase change angle can be determined from the calculated step energies. This is done by calculating the change in surface energy resulting from SL and DL steps and comparing the difference between these two quantities as a function of increasing step separation. The change in surface energy per unit area due to the existence of steps on the surface is given by
The phase change point is defined by ⌬E s SL (t)Ϫ⌬E s DL (t) ϭ0. The d interaction can be safely neglected in this analysis since the step separations involved are expected to be large. Hence the phase change is described by
which has the solution t c ϭae
III. RESULTS Figure 3 shows the step energy as a function of substrate depth for the S B step using fixed step separations of tϭ4 a and tϭ14 a. As expected, the step energy converges with increasing substrate depth, but more substrate layers are required for convergence as the step separation is increased. Figure 4 shows the step energy as a function of step separation for the S B step using substrate depths of 8, 12, 20, and 24 layers. This figure shows that a substrate depth of 24 layers gives sufficient convergence up to tϭ14 a for the purposes of determining the step coefficients 0 , d , and
. In the present paper we have limited the number of atoms in our periodic slab unit cell to Nр3000, which is roughly the limit obtained using 24 substrate layers and a step separation of 14 a.
The step energy curves for all four steps using a substrate depth of 24 layers are shown in Fig. 5 . The values of the 0 , 
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d , and coefficients determined from these curves are given in Table I . The fitting procedures used were as follows. Fitting the S A data directly with Eq. ͑5͒ produced an overestimate of the coefficient. This was evidenced by the fitted curve being significantly below the calculated data points at large t. To correct for this, the last four points on the S A curve ͑which are linear on a log plot͒ were fitted with a purely logarithmic variation. The S A data was then refitted to Eq. ͑5͒, using the value determined from the last four points. The S B data were also fitted with Eq. ͑5͒ using the value determined from the last four points of the S A data. This was done because the large d interaction for the S B step makes determination of the value from the S B data difficult. The interaction should be the same for both types of single-layer step, and this has been found previously to be the case. 3 The surface stress interaction is not present for the DL steps since there is no change in the dimer direction between the upper and lower terraces. The log variation in Eq. ͑5͒ is thus not expected to be present in the DL step data. To test this, the data from both DL steps have been fitted with a x Ϫ␣ variation. This produced ␣ϭ2.02 and ␣ ϭ1.94 for the D A and D B steps, respectively, remarkably close to the theoretically expected value of ␣ϭ2. The DL steps have thus been fitted to Eq. ͑5͒ minus the surface stress interaction ͑i.e., ϭ0).
We have also performed a small number of calculations using the SW potential. The reason for this was to compare the results of our method to those of Poon et al., 3, 4 where a fixed value of s was used 4 ͑i.e., where the value of s has not necessarily been calculated for the same number of substrate layers as was used in the step energy calculations͒. For the DL steps, only a few calculations with the SW potential have been performed using large step separations. These allow an estimate of the value of the 0 coefficient to be determined, but not the d coefficient. The values we have determined using the SW potential are also given in Table I , together with the results of Poon et al. 3, 4 IV. DISCUSSION
A. Previous calculations
As mentioned in the introduction, there is a large variation in the published results for the step formation energies. We believe a major reason for this is that the important effects of step interactions and substrate depth cutoff have not been adequately addressed in these studies. The first calculations of the step energies were the empirical tight-binding calculations of Chadi 2 in 1987. Chadi performed ''flat'' stepped calculations, as we have, for the S A and D B steps, using step separations of 2.5 a and 3 a, respectively. To determine the energies of the other steps, Chadi performed vicinal calculations, using only slightly larger step separations than in his S A and D B calculations. In 1995, Oshiyama 6 reported calculations using exactly the same surface unit cells as Chadi, but employing the more sophisticated DFT method within the local-density approximation. In both of these studies the step energies were calculated for only a single value of the step separation. As a result, the energies that they report are simply values of the step energy (t) for a particular step separation, not values of the intrinsic step formation energy 0 . Second, since the step separations for which their calculations were performed were quite small, we expect that their calculated energies will be significantly different to the intrinsic step formation energies due to the step interaction effect. We can illustrate this with specific examples from our calculations, and those of Poon et al. Figure 5 shows that the energy of the D B step that is predicted by the XB potential for a step separation of tϭ3 a is (D B ) (3a)Ӎ Ϫ270 meV/a. This is ϳ130 meV/a greater than the intrinsic step formation energy value of 0 ϭϪ396 meV/a for the D B step. The calculations of Poon et al., show that the SW potential predicts the step energy of the S B step for a step separation of tϭ3 a to be in excess of ϩ60 meV/a ͑see Fig.  2 . of Poon et al. 3 ͒, while the intrinsic step formation energy for the S B step predicted by the SW potential is, in fact, negative, and 6 times smaller in magnitude. Clearly then, the intrinsic step formation energy cannot be determined using a single calculation for small t as Chadi and Oshiyama have done, but instead must be determined using a range of step separation values and fitting to an equation of the form of Eq. ͑5͒. While Bowler and Bowler 7 have performed calculations of the SL steps for varying step separations, they do not fit to a functional form involving step interactions, so again their energies can only be interpreted as values of the step energy for particular step separations.
As discussed previously, the number of substrate layers used in step calculations is also an important consideration. Oshiyama has used around five substrate layers. 6 Bowler and Bowler 7 have allowed four substrate layers to relax in their calculations, but have applied an energy change of 10 meV/a to their results ''as a correction,'' which they determined by performing a calculation with 5 movable substrate layers. For a step separation of 3 a, our results ͑Fig. 4͒
show that going from 8 layers ͑6 movable͒ to 24 layers ͑22 movable͒ reduces the energy by around 10 meV/a, in agreement with the correction value of Bowler and Bowler. For a step separation of 10 a, however, this figure has increased to around 25 meV/a. With the final values of the step energies reported by Bowler and Bowler being 19 meV/a and 71 meV/a for the S A and S B steps, respectively, the magnitude of this substrate depth cutoff induced error is clearly important.
A comparison of the step geometries predicted by the empirical potential and ab initio methods is difficult because, as discussed previously, the empirical methods do not predict dimer buckling. Also, the amount of information available on step edge geometries is limited. Recent calculations by Pehlke and Kratzer 9 have found significant buckling of the rebonding atoms at S B step edges. They find a vertical displacement of 0.6 Å between the up and down atoms. This is in agreement with the calculations of Bogusławski et al. 8 who found a vertical displacement of 0.58 Å for the rebonding atoms, however both of these results disagree with Oshiyama 6 who reported the relatively small vertical displacement of 0.17 Å for the rebonding atoms. However Pehlke and Kratzer and Oshiyama agree that the length of the bond between the rebonding atom and the upper terrace atom is ϳ4% or ϳ7% ͑depending on the buckling direction͒ shorter than the bulk bond length. Our calculations with the XB potential predict this bond to be ϳ3% shorter than the bulk bond length.
B. Empirical potential results
Only in the present paper, and in the SW potential calculations of Poon et al., have the effects of step interactions and substrate depth cutoff been adequately addressed. As a result, we will concentrate the remainder of our discussion of step energetics on the XB and SW potential results.
The results of our calculations using the SW potential are in reasonable agreement with those of Poon et al. 3, 4 There is, however, one significant difference. This difference lies in the magnitude of the slope of the curves at large t ͑i.e., the magnitude of the coefficient͒ for the SL steps. We have found the coefficient to be very sensitive to the value of s that is used in Eq. ͑1͒. For example, a change in the s term of 10 Ϫ4 eV/a results in a change of ϳ2 meV/a in the coefficient. We believe the difference in the coefficient value predicted by our SW calculations and those of Poon et al. are explained by the different values of s that have been used in Eq. ͑1͒. The value of in turn affects the value of the 0 coefficient determined from the data by the curve fitting, and this is the cause of the small differences in the 0 values.
As discussed in the introduction, an alternative method of determining is to use Eq. ͑6͒. Poon et al. 4 have done this calculation using values of ⌬, , and determined from bulk and surface calculations using the SW potential. The value they obtained was (SW) ϭ5.8 meV/a. This is very close to the value of 5.2 meV/a predicted by our totalenergy calculations using the SW potential, but a factor of 1.6 smaller than the value of 9.07 meV/a predicted by the total-energy calculations of Poon et al. ͑Table I͒. This suggests that the value of that we have determined using the SW potential is more accurate than the value that Poon et al. determined from their stepped surface calculations. Furthermore, this result suggests that the correct method of calculating the step energies involves using a value of s that is calculated for the same number of substrate layers as used in the stepped surface calculation, as we have done.
There is good agreement between the values predicted by the XB and SW potentials for the d coefficient. Both potentials predict an ordering of d
, and are in reasonable agreement in regard to the magnitudes of these step-step interaction coefficients. We can thus conclude that the XB and SW potentials provide a fairly consistent description of the step interaction effects d and . These interaction effects are a consequence of the elastic properties of the surface and involve a large number of atoms. The intrinsic step formation energy 0 , on the other hand, is a more microscopic effect, primarily concerning the nature of the bonding of individual step edge atoms. Both the XB and SW potentials predict that the D B step has the lowest energy, and that its formation energy is negative. The two potentials also agree that the next lowest-formation energy is that of the S B step, and that this energy is again negative. However, the magnitudes of the values for these two coefficients predicted by the SW potential are roughly an order of magnitude less than those predicted by the XB potential. The biggest discrepancy between the two potentials is the formation energy of the D A step. The XB potential predicts that this formation energy is negative and only slightly less negative than the S B step, whereas the SW potential predicts that its formation energy is positive and has a magnitude more than three times that of the D B step. Finally, our calculations with both potentials give the S A formation energy to be negative, but of much smaller magnitude than the D B and S B steps. Although the accuracy of empirical methods in determining the intrinsic step formation energies may be questionable, the fact that both the XB and SW potentials predict negative step formation energies warrants some discussion.
C. Negative step formation energies
The prediction of negative formation energies by the empirical potential calculations is in contrast to the positive values of Swartzentruber et al. 10 and Zandvliet et al., 11, 12 obtained by fitting to the step kink distributions observed in STM images. Theoretically, however, negative formation energies are possible. This is because of the reduction in the density of dangling bonds that a rebonded step on the 2ϫ1 surface causes. Each of the rebonded steps (S B , D A , and D B ͒ reduce the number of dangling bonds on the Si(001)2 ϫ1 surface by 1/2 a dangling bond per unit length ͑a͒ along the step edge. It is well accepted ͑e.g., Ref. 31͒ that the driving force behind the 2ϫ1 reconstruction of the Si͑001͒ surface is the fact that this reconstruction reduces the number of dangling bonds on the surface from 2 to 1 dangling bonds per unit surface area (a 2 ). As mentioned in the introduction, this reduction in the surface density of dangling bonds reduces the energy of the surface by ϳ1 eV/a 2 . [16] [17] [18] As a result, one might expect that the rebonded steps could reduce the energy of the surface by as much as 0.5 eV/a along the step edge. The XB potential predicts that the rebonded steps reduce the surface energy by between 0.3-0.4 eV/a along the step edge, depending on the type of step. These values are consistent with the above discussion. Moreover, the nonbonded steps increase the number of dangling bonds on the 2ϫ1 surface by 1/2 a dangling bond per unit length ͑a͒ along the step edge, resulting in a net difference of 1 dangling bond per unit length ͑a͒ along the step edge between the rebonded and nonbonded steps. We have found that the nonbonded S B step has a formation energy of ϳ0.85 eV/a greater than that of the rebonded S B step. This is in excellent agreement with the value of 0.8 eV/a predicted by the DFT calculations ͑using symmetric dimers͒ of Bogusławski et al. 8 It is also consistent with the above analogy to the energy reduction caused by the 2ϫ1 surface reconstruction. It has been shown 8, 9 that with buckled surface dimers this energy difference is reduced. The additional relaxation of the atoms at the edge of a nonbonded step resulting from the buckling allows more overlap of the dangling bond orbitals, leading to an increased strength of the bonding at the step edge, and hence to an increased stability of the nonbonded step. 6, 9 None of this discussion applies to the negative formation energies of the S A step, however, since the S A step does not cause any change in the density of dangling bonds on the surface.
The SW results are less consistent with the above discussion. In particular, the formation energy of the D A step is predicted to be positive by the SW potential, implying that there is a large amount of bond strain between the atoms at the step edge, which outweighs the reduction in energy due to saturation of the dangling bonds. Figure 6 shows that the D A step does not involve bond angle strains that are significantly different from those involved in the S A and S B steps. One might therefore expect that if the formation energies of the S A and S B steps are negative, then the formation energy of the D A step would also be negative, in agreement with our XB calculations. The calculations of Chadi 2 and Oshiyama, 6 however, predict the D A step to have a formation energy much greater than the other steps, consistent with the SW result.
A consequence of having negative step formation energies is that the flat 2ϫ1 surface is always unstable with respect to the formation of step edges. This is distinct from the now well accepted result of Alerhand et al. 22 that the surface is unstable with respect to the formation of domains. In the latter case, it is the energy reduction due to the relaxation of the surface stress anisotropy that causes the instability of the perfect 2ϫ1 surface, while in the former case it is the step structures themselves that cause the instability. The equilibrium structure of the surface is determined by examining, as a function of step separation, the change in the surface energy per unit area, ⌬E s Eq. ͑7͒. Our results, using the XB potential, predict that ⌬E s has a minimum value of Ϫ23 meV/a 2 at a step separation of 5.6 Å. Hence it predicts that the most stable surface structure for the Si(001)2 ϫ1 surface is one with D B steps separated by a distance of 2a. The SW results are qualitatively similar, but predict a separation of 3a, and an energy reduction of 0.8 meV/a 2 . Compared to the energy reduction of 100 meV/a 2 , which results from buckling the surface dimers, these energy reductions, due to forming a corrugated surface, are small. Also, one can imagine that the energy barrier associated with the formation of such a surface would be quite high since it involves a dramatic reorganization of the surface. However, whenever the step formation energies are predicted to be negative, the true energy minimum of the surface will involve such corrugations.
D. Comparison to experiment
A value of the coefficient based on experimental results can be determined using Eq. ͑6͒. We have done this using the values ⌬ϭ1029Ϯ147 eV, determined experimentally by Webb et al. 32 and the accepted experimental values for the elastic constants of silicon, C 11 ϭ58.4, C 12 ϭ22.5, and C 44 ϭ28.0 eV/a 3 ͑Ref. 33͒. This gives Expt.
ϭ4.4Ϯ1.2 meV/a. Our calculation results using the SW and XB potentials agree with this value to within the associated uncertainties. A well-established experimental observation is that the D A step never forms. 12 Instead, whenever a segment of a D A step might be expected to form ͑as a kink in a D B step, for example͒, the surface rearranges into two SL steps. The XB potential results are consistent with this observation, since they give 0
That is, the XB potential predicts that, although the D A step is stable, it is always energetically more favorable to form two SL steps rather than one D A step. Both the XB and SW potentials predict that the formation energy of a D B step is lower than that of having two SL steps. As the step separation is increased, however, the strain relaxation causes the energy of having two SL steps to become less than that of having a D B step. This is the cause of the phase change from DL to SL steps with decreasing miscut angle discussed earlier. Experimentally, the value of this phase change angle has been estimated to lie in the range 1°р c р3.5°͑Ref. 30 and references therein͒, although a stable D B stepped surface has been observed recently at a miscut angle of 0.5°. 34 Substituting the values from 30 have performed a similar calculation using the formation energies of Chadi 2 and their own surface stress value. 22 They find a critical angle of c ϭ0.05°, which is much smaller than the experimental observations suggest. However, Alerhand et al. 30 also show that at finite temperatures, entropic considerations will raise the value of c predicted by theoretical calculations.
Finally, there is some experimental evidence to support the prediction of a corrugated surface. For example, dimer vacancy lines 35 cause a Si͑001͒ surface that is corrugated with B-type step edges, with an upper terrace width of between 6 and 12a, and a lower terrace width of 1 to 2a. Men et al. 35 have shown that repeated annealing cannot completely remove these structures from the surface. In addition, Yang et al. 34 have observed, after annealing, a ''flat'' region several microns in size covered with D B steps with an average spacing of 10a. The thermally stable ''hilly'' phase observed by Tromp and Reuter 36 for vicinal Si͑001͒ surfaces with a miscut angle Ͻ0.05°, could also be explained in terms of negative step formation energies.
V. CONCLUSION
We have highlighted the great difficulty involved in determining definitive values of the step energy coefficients. While there is reason to believe that the values of the interaction coefficients and d , determined using the XB potential, are reasonably accurate, the large discrepancy between the results predicted by the XB and SW potentials for the intrinsic step formation energies 0 shows that these quantities are very sensitive to the details of the model potentials. The main reason for the difficulty in determining reliable values for the magnitude of the intrinsic formation energies is the large number of atoms required in the calculations. Small inaccuracies in the empirical potentials are thus magnified when the intrinsic formation energy is calculated. Both the XB and SW potentials are, however, consistent in predicting that the most stable formation energies are negative. This is supported by the significant lowering in energy that results from a reduction in the number of surface dangling bonds. Moreover, we have shown that the negative formation energies predicted by both the XB and SW potentials are consistent with some of the available experimental data. It appears, however, that definitive theoretical results for the intrinsic step formation energies will have to wait for a more sophisticated method of calculation that is capable of handling the large numbers of atoms that are required. Considering the magnitudes of the energies involved, this method should also correctly predict the buckling of the surface dimers and the associated energy variations.
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